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Summary
Cohesin is a multisubunit protein complex that links
sister chromatids from replication until segregation
[1, 2]. The lack of obvious cohesin-targeting-specific
sequences on DNA [3–5], as well as cohesin’s molecu-
lar arrangement as a large ring [6–8], has led to the
working hypothesis that cohesin acts as a direct topo-
logical linker [9, 10]. To preserve the identity of sister
chromatids, such a linkage would need to stably per-
sist throughout the entire S and G2 phases of the
cell cycle. Unexpectedly, cohesin binds chromatin
already in telophase, and a large fraction dissociates
fromchromosomesduringprophase inaphosphoryla-
tion-dependent manner [11–17], whereas initiation of
anaphase requires proteolytic cleavage of only a small
fraction of cohesin [18, 19]. These observations raised
the question of how and when cohesin interacts with
chromatin during the cell cycle. Here, we report a
cell-cycle dependence in the stability of cohesin bind-
ing to chromatin. Using photobleaching and quantita-
tive live-cell imaging, we identified several cohesin
pools with different chromatin binding stabilities. Al-
though all chromatin bound cohesin dissociated after
a mean residence time of less than 25 min before rep-
lication, about one-third of cohesin was bound much
more stably after S phase and persisted until meta-
phase, consistent with long-lived links mediating
cohesion between sister chromatids.
Results and Discussion
To investigate cohesin binding to chromatin in intact
cells, we stably expressed EGFP- and Flag-tagged SA1
or Scc1 subunits (EGFP-SA1 or EGFP-Scc1, respec-
tively) of the cohesin complex at or below the levels of
the endogenous proteins in normal rat kidney (NRK)
cells. EGFP-SA1 coimmunoprecipitated with Scc1 and
Smc3 (Figure 1A) and cofractionated with Scc1 and
Smc1 in sucrose-density gradients (Figure 1B),
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France.demonstrating efficient incorporation into the cohesin
complex at the detection levels possible in whole-cell ex-
tracts. Similarly, EGFP-Scc1 coimmunoprecipitated with
SA1 and Smc3 (Figure S1A in the Supplemental Data)
and cofractionated with SA1 and Smc3 in sucrose-den-
sity gradients (Figure S1B). Both EGFP-SA1 (Figure 1C)
and EGFP-Scc1 (not shown) localized to interphase nu-
clei in an inhomogeneous pattern, with slight enrichment
at heterochromatic regions intensely stained by Hoechst
around nucleoli or at the nuclear periphery (Figure 1C,
arrowheads). In metaphase, most EGFP-SA1 was
cytoplasmic with an abundance on chromosomes only
21%6 10% (mean6 standard deviation [SD]) above cy-
toplasmic levels (Figure 1E). Taking into account the rel-
ative volumes of interphase nuclei and metaphase chro-
mosomes (Figure 1D), 55%6 4% of cellular cohesin was
nuclear in interphase, and only 14% 6 2% of cellular
cohesin colocalized with metaphase chromosomes,
consistent with previous observations that only a small
fraction of about 15% of mitotic cohesin is targeted for
proteolysis by separase [13, 18].
To analyze the mobility of cohesin on chromatin, we
performed inverse fluorescence recovery after photo-
bleaching experiments (iFRAP [20]), in synchronized
cells. We photobleached all cellular EGFP-SA1 except
within a small nuclear region and followed the redistribu-
tion of fluorescence in the bleached and unbleached
nuclear areas (Figure 2A, Figure S2). In G1, the fluores-
cence in the unbleached region significantly decreased
immediately after photobleaching of adjacent cellular
regions (Figure 2A, Figure S2B), indicating that about
half of nuclear EGFP-SA1 was unbound and diffused
out of the unbleached region within seconds, leaving be-
hind the bound fraction of 44%6 9% of nuclear cohesin
(Figure 2E, n = 10). By fitting an exponential function (see
Experimental Procedures) to the redistribution kinetics
of the chromatin bound fraction of EGFP-SA1 (Figures
2B and 2C), we determined a residence time of 24 6 5
min (mean 6 SD, n = 10; Figure 2F). Consistently, cohe-
sin almost completely exchanged on chromatin during
the observation period of 150 min (Figures 2A and 2B).
In G2, the amount of chromatin bound cohesin in-
creased significantly (p < 0.001) to 62%6 11% of nuclear
cohesin (Figure 2E; n = 14), and a large fraction of this
bound cohesin did not dissociate even after 150 min (Fig-
ures 2A and 2B), suggesting an increase in chromatin
binding stability in G2. Interestingly, the recovery kinet-
ics did not follow a single exponential function (Fig-
ure 2D), indicating the presence of multiple modes of
interaction with chromatin. However, a sum of two expo-
nential functions fitted the data well (Figure 2D) and
allowed to determine the binding stabilities of two chro-
matin bound fractions of EGFP-SA1. Of all nuclear EGFP-
SA1, 32% 6 5% dynamically exchanged on chromatin
(Figure 2E, n = 14) with a residence time of 16 6 5 min
(Figure 2F), comparable to its binding in G1. In addition,
30% 6 5% was bound much more stably to chromatin
(Figure 2E) with a residence time of 6.363.7 hr (Figure 2F).
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(A) Stable expression of Flag-tagged EGFP-SA1 in NRK cells. Both endogenous SA1 (IP:SA1) and EGFP-SA1 (IP:Flag) coimmunoprecipitated
with Scc1 and Smc3.
(B) Cofractionation of EGFP-SA1 with endogenous SA1, Smc1, and Scc1 on 5%–20% sucrose-density gradient.
(C) Localization of EGFP-SA1 in vivo. EGFP-SA1 (green) localizes to the interphase nucleus with slight enrichment on heterochromatic regions
around nucleoli or the nuclear periphery (arrowheads). In metaphase, chromosomal EGFP-SA1 (arrowhead) is only slightly above cytoplasmic
levels.
(D and E) Quantitation of relative EGFP-SA1 concentrations. (D) Segmentation of cytoplasmic, nuclear, and chromosomal regions in 3D record-
ings of live EGFP-SA1-expressing cells is shown. Graphical reconstructions of the nucleus and chromosomes (red) and of the cellular boundary
(green) of interphase and metaphase cells are shown. (E) Quantitation of relative EGFP-SA1 concentrations in interphase nuclei and on meta-
phase chromosomes is shown. Mean fluorescence in the respective compartments was normalized to cytoplasmic levels. nR 5, mean 6 SD.
Scale bar represents 10 mm.Consistent results were obtained in EGFP-Scc1-
expressing cells (Figures 2E and 2F), demonstrating
reproducibility of the reporters we used for the cohesin
complex.
We conclude that in G2, about one-third of nuclear co-
hesin binds to chromatin with an average binding time
before dissociation of more than 6 hr, which would be
sufficient to maintain a significant fraction of these sta-
ble interactions as links between sister chromatids until
anaphase onset in proliferating mammalian cells. Addi-
tionally, a large fraction (w30%–40%) of cohesin associ-
ates with chromatin dynamically throughout entire inter-
phase. Importantly, dynamic relocation of this pool after
iFRAP is unlikely to proceed through lateral sliding along
a single DNA fiber, which would be restricted to individ-
ual chromosome territories [21, 22]. Instead, the homo-
geneous recovery in the large bleached regions typically
encompassing more than two-thirds of the nucleus
(Figure 2A) suggests that exchange of cohesin on chro-
matin proceeds through nucleoplasmic diffusion aftercomplete dissociation from DNA. However, our data
do not exclude the possibility of local lateral sliding of ei-
ther stably or transiently bound cohesin along the DNA
as proposed earlier [23]; on a very local scale, such slid-
ing would not be detected by FRAP.
Because stably chromatin bound cohesin was absent
in G1 synchronized cells, we hypothesized that stable
cohesin binding might require replication. To test this
possibility, we performed iFRAP experiments in early S
phase synchronized cells in the presence or absence
of aphidicolin or excess thymidine to delay replication
(Figures 3A and 3B). The majority of untreated control
cells (75%, n = 16) showed a detectable (> 5%) stably
bound fraction of nuclear EGFP-SA1 on chromatin 8 hr
after mitotic shake-off (Figure 3C). Because G1 duration
is approximately 6 hr in NRK cells (Figure 3B), this is con-
sistent with the expected number of cells entering S
phase. In contrast, stably bound EGFP-SA1 was not
detected on chromatin in any of the 13 cells cultured
for 8 hr in medium containing 0.5 mg/ml aphidicolin after
Kinetics of Cohesin Binding to Chromatin
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(A) Dynamics of EGFP-SA1 on interphase chromatin in synchronized cells. Imaging started 10 hr (G1) or 3 hr (G2) after release from Aphidicolin
block. The entire EGFP-SA1 fluorescence except for a small nuclear region (white outline at25 min) was photobleached, and the mean fluores-
cence in bleached and unbleached nuclear regions (white outlines in subsequent frames) was followed by time-lapse microscopy.
(B) Kinetics of EGFP-SA1 dissociation from chromatin in G1 and G2. The difference in mean intensity between bleached and unbleached nuclear
regions as indicated in (A), normalized to the first postbleach frame, is plotted (mean6 SD; nR 10 per condition). For more details on the quan-
titation of iFRAP experiments, see Figure S2.
(C) Fitting of a single-exponential function to an individual iFRAP curve from a G1-synchronized cell.
(D) G2-iFRAP curves cannot be fitted with a single-exponential function (dashed line). The data can be fitted by a bi-exponential function (blue
curve), indicating the presence of at least two interaction modes of cohesin with chromatin.
(E and F) Quantitation of chromatin bound fractions (E) and residence times (F) of cohesin in EGFP-SA1- and EGFP-Scc1-expressing NRK cells.
Mean 6 SD was determined by fitting exponential functions to individual iFRAP experiments (nR 10 per condition).mitotic shake-off (Figure 3D). To exclude the possibility
that loss of stable cohesin binding to chromatin was due
to the DNA-damaging activity of aphidicolin [24], we al-
ternatively inhibited replication by excess thymidine,
thus avoiding DNA damage. Again, stably bound cohe-
sin was absent from 10 out of 11 cells (Figure 3E; signif-
icantly different from control cells, p < 0.001). Both aphi-
dicolin- and thymidine-treated cells showed rapid and
complete exchange of EGFP-SA1 on chromatin (Figures
3D and 3E). The residence time in aphidicolin-treated
cells (16 6 3 min) and in thymidine-treated cells (14 6
3 min; mean 6 SD) was similar to that of dynamically
bound cohesin in G1 and G2 (compare with Figure 2F).
Even though most cells cultured for 8 hr in normal me-
dium after mitotic shake-off had stable chromatin bound
EGFP-SA1, the total amount (12% 6 8% of nuclearEGFP-SA1) was significantly (p < 0.001) smaller than in
G2 synchronized cells (30% 6 5%; compare with Fig-
ure 2E). Therefore, we also investigated whether pro-
gression through later stages of S phase is required to
establish the full extent of stably bound cohesin on chro-
matin. Cells were cultured for 14 hr after mitotic shake-
off in normal growth medium, allowing progression
through entire S phase. Using iFRAP, we measured
39%6 13% of nuclear EGFP-SA1 bound stably to chro-
matin (Figure 3F, blue curve), consistent with the earlier
G2 synchronization (not significantly different from
Figure 2E; p = 0.13). However, when cells were cultured
14 hr in 2 mM thymidine after mitotic shake-off, this frac-
tion was significantly (p = 0.03) reduced (Figure 3F,
green line). In conclusion, these data show that stable
binding of cohesin to chromatin requires replication
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1574Figure 3. Replication Dependence of Stable Cohesin Binding to Chromatin
(A) S phase progression after mitotic shake-off (t = 0 hr) in cells expressing EGFP-PCNA as a marker for replication foci. In G1 (t = 4 hr), EGFP-
PCNA was nucleoplasmic. Eight hours after mitotic shake-off, EGFP-PCNA concentrated in early S phase replication foci in 86% of the observed
control cells (n = 21). Mid S phase (t = 11 hr) and late S-phase foci (t = 13 hr) were followed by nucleoplasmic EGFP-PCNA localization during G2
(14 hr). All observed control cells reached mitosis within 17 hr. In cells cultured in medium containing 0.5 mg/ml aphidicolin or 2 mM thymidine
after mitotic shake-off, nucleoplasmic EGFP-PCNA redistributed to small nuclear foci that were less pronounced than in control cells (t = 8 hr) and
thus were classified as G1/early S phase. Neither aphidicolin-treated (n = 13) nor thymidine-treated (n = 17) cells subsequently showed EGFP-
PCNA localization typical for later stages of S phase, nor did any of these cells reach G2 or mitosis within the observation period of 21.5 hr.
(B) Timing of S phase progression. Mean 6 SD of cell-cycle-stage duration is shown as determined from the experiment shown in (A).
(C) Dynamics of EGFP-SA1 binding to chromatin during early S phase. iFRAP experiments similar to those shown in Figure 2 were performed in
EGFP-SA1-expressing cells 8 hr after mitotic shake-off. Twelve out of sixteen cells showed a stably bound fraction of EGFP-SA1 exceeding 5%
(green curve, mean 6 SD), whereas four cells exclusively showed dynamically bound EGFP-SA1 (red curve, mean 6 SD). The slight difference
of the mean iFRAP curve determined in these four cells as compared to Figure 2B (G1) might be due to noise or the different synchronization
protocols used in the two experiments. Cells with stably bound EGFP-SA1 were identified by curve fitting (see Experimental Procedures).
(D) Dynamics of EGFP-SA1 binding to chromatin in cells where replication was inhibited. iFRAP was performed in cells cultured for 8 hr after
mitotic shake-off in medium containing 0.5 mg/ml aphidicolin. None of the 13 observed cells showed detectable (>5%) stably bound EGFP-
SA1 (red curve, mean 6 SD).
(E) Dynamics of EGFP-SA1 binding to chromatin in cells delayed in replication by incubation in 2 mM thymidine for 8 hr after mitotic shake-off.
Ten out of eleven observed cells lacked stably bound EGFP-SA1 (red curve, mean 6 SD).
(F) Stably bound EGFP-SA1 on chromatin 14 hr after mitotic shake-off. iFRAP curves were derived from mitotic shake-off cells cultured for 14 hr
in the presence (green curve, mean 6 SD, n = 8) or absence (blue curve, mean 6 SD, n = 8) of 2 mM thymidine.and that the amount of stably bound cohesin increases
with S phase progression.
Next, we addressed the relative kinetics of cohesin
dissociation from chromatin in cells entering mitosis.
Quantitative time-lapse imaging revealed that immedi-
ately after nuclear envelope breakdown (NEBD), the ma-
jority of EGFP-SA1 diffused into the cytoplasm, leavingcohesin concentrated on chromosomes only at 20% 6
2% above cytoplasmic levels (Figures 4A and 4B; t = 5
min). In subsequent prometaphase, the chromatin
bound levels did not decrease significantly further
(Figure 4B, compare t = 4 min with t = 8 min), indicating
that in mammalian cells the prophase dissociation path-
way is largely completed at the onset of prometaphase
Kinetics of Cohesin Binding to Chromatin
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(A) Time-lapse recording of an EGFP-SA1 (green) expressing late-prophase cell entering prometaphase. DNA was stained by Hoechst (red). The
transition from prophase to prometaphase (NEBD) is indicated by a dotted line.
(B) Quantitation of relative EGFP-SA1 concentration on chromatin during prophase and prometaphase (mean6SD; n = 3). Fluorescence on chro-
matin was normalized to late prophase (fluorescence = 1 at t = 25 min) and prometaphase cytoplasmic levels (fluorescence = 0 at t = 3 min).
NEBD was determined by the loss of a defined nuclear boundary in the Hoechst channel, and the timing of its occurrence is indicated by a dotted
line.
(C) Time-lapse recording from metaphase to anaphase. Cytoplasmic EGFP-SA1 fluorescence was depleted to low levels by photobleaching
cytoplasmic regions prior to time-lapse imaging. The transition from metaphase to anaphase (NEBD) is indicated by a dotted line.
(D) Quantitation of relative EGFP-SA1 concentration on chromatin (green; mean 6 SD; n = 3). Normalization was to mid-metaphase chromo-
somes (fluorescence = 1 at t = 27) and to cytoplasmic levels (fluorescence = 0 at t = 27 min). The red curve shows simulated dissociation of
a hypothetical dynamically exchanging pool of cohesin on metaphase chromosomes with the residence shown in Figure 2F. The transition
from metaphase to anaphase (NEBD) is indicated by a dotted line.
(E) Time-lapse recording from anaphase to telophase.
(F) Quantitation of relative EGFP-SA1 concentration on chromatin (mean 6 SD; n = 4). Normalization was to telophase nuclear levels (fluores-
cence = 1 at t = 14) and cytoplasmic levels (fluorescence = 0 at t = 2 min).
(G) Chromatin bound fraction of EGFP-SA1 was determined by FRAP at different cell-cycle stages. Cells were synchronized in G2 or mitosis (at
stages determined in live cells by Hoechst staining). Half of the nucleus (G2, prophase, telophase) or of the entire cell (metaphase, bleach bound-
ary perpendicular to metaphase plate) was photobleached, and recovery in bleached regions was followed by time-lapse recording.
(H) Measurement of immobile fractions in FRAP experiments (mean6 SD; nR 6 per condition). * Note that in metaphase, part of the recovery is
by EGFP-SA1 localized to the cytoplasm before NEBD; this is not measured in the nuclear FRAP experiments.
Scale bars represent 10 mm.
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Cohesin Binding to Chromatin
(A) Different interaction modes of cohesin
with chromatin. In G1, a fraction of cohesin
binds dynamically to chromatin with short
residence time, dissociating at the high rate
of koff1. In G2, an additional pool of cohesin
persistently binds to chromatin, dissociating
at low rates of koff2. Because metaphase
chromosomes exclusively contain stably
bound cohesin, we speculate that the stably
bound pool provides the topological links be-
tween sister chromatids persisting until pro-
teolytic cleavage at onset of segregation.
(B) Relative amounts of different nuclear
cohesin pools during cell-cycle progression.
Dynamically bound cohesin is present on
chromatin at constant levels throughout
entire interphase, but not on mitotic chromo-
somes. Stably bound cohesin appears post-
replicationally and persists on mitotic chro-
matin until briefly before anaphase onset.
We speculate that stable cohesin binding
can only be established coreplicationally
and that thus its fraction on chromatin slowly
decays during G2 progression at the low
rates of koff2. Cohesin is degraded immedi-
ately before onset of segregation and is ab-
sent from anaphase chromosomes.with NEBD. Next, we investigated the kinetics of disso-
ciation of the remaining pool of cohesin from chromatin
at the transition from metaphase to anaphase. To better
visualize the small chromatin bound fraction in meta-
phase cells, we first depleted soluble GFP-cohesin fluo-
rescence by repeated photobleaching at cytoplasmic
areas. In subsequent time-lapse recordings, chromatin
bound cohesin first remained at steady-state levels
(Figure 4C,210 to26 min) before it abruptly decreased
approximately 4 min before anaphase onset. Segrega-
tion initiated when EGFP-SA1 levels on chromosomes
dropped to 9% 6 8% of early metaphase levels. Again,
similar results were obtained for EGFP-Scc1-expressing
cells (Figure S1C and data not shown). The stable early
metaphase binding of cohesin after a cytoplasmic pre-
bleach until 5 min prior to segregation suggested that
this corresponded to the stably bound G2 pool, because
the dynamically bound pool with a residence time of 16
min would be expected to lose more than 30% of its
starting intensity (Figure 4D, red curve) after the bleach.
After anaphase onset, cohesin became excluded from
chromosomes below the cytoplasmic level (Figures 4C
and 4D) and localized to chromatin again only 8 min after
segregation (Figures 4E and 4F) at a time when nuclei
reform and become import competent again (J.E., un-
published data).
The short durations of the mitotic phases made it im-
possible to measure the residence times of mitotically
bound cohesin by iFRAP for over 2 hr. We therefore
measured the total amount of chromatin-associated co-
hesin in different mitotic phases as the immobile fraction
in FRAP experiments (Figure 4G, Figure S2A). Recovery
after photobleaching half of the nucleus showed that the
chromatin bound fraction decreased from 56%6 6% of
nuclear cohesin in G2 to 25% 6 4% in prophase(Figure 4H). This is consistent with the selective and al-
most complete loss of the transiently bound fraction
that had a magnitude of 32% in G2 (Figure 2E). Recovery
after photobleaching half of the cell in metaphase
showed that only 7% 6 5% of total cellular cohesin re-
mained bound to chromosomes. Because the signifi-
cant fraction of GFP-cohesin localized to the cytoplasm
in interphase (45% 6 4% of total GFP-cohesin, Figures
1D and 1E and data not shown) mixed with nucleoplas-
mic GFP-cohesin after NEBD, it also contributed to
metaphase recovery. Thus, the measured metaphase
chromosome bound pool of 7% 6 5% corresponds to
about 13% 6 9% of nuclear cohesin. The metaphase
chromosome bound GFP-cohesin levels were thus
lower than the stably bound fraction measured in G2
(30% 6 5% stably bound nuclear cohesin in G2 corre-
sponding to 17%6 3% of total cohesin). This can be ex-
plained by slow dissociation of the stably bound fraction
of cohesin from chromatin after its binding in S phase.
Assuming that stable binding of cohesin to chromatin
cannot be reestablished postreplicationally [25], its
levels on chromatin should decrease to about 9% 6
6% of total cellular levels during the progression from
early G2 phase until metaphase, because we measured
a dissociation rate of 16%6 9% per hour by iFRAP (Fig-
ure 2F). Finally, after nuclear reformation in telophase,
36% 6 8% of nuclear cohesin was bound to chromatin,
already close to G1 levels (compare Figure 2E).
In conclusion, we have identified two distinct binding
modes of cohesin to chromatin during the cell cycle
(Figure 5). About one-third of nuclear cohesin bound
very stably to chromosomes after replication and in
part persisted until just before chromosome segrega-
tion, providing the first experimental support from living
cells consistent with persistent links mediating cohesion
Kinetics of Cohesin Binding to Chromatin
1577between sister chromatids. This is remarkable because,
with the exception of core histones that have similarly
long residence times on chromatin [26], all investigated
chromatin interacting proteins, for example heterochro-
matin proteins or linker histones, dissociate within sec-
onds or minutes [27, 28]. Interestingly, a second pool of
cohesin dynamically exchanged on and off chromatin
throughout the entire interphase, moving through the
nucleus by diffusion, but this pool was absent in meta-
phase. It will be very interesting in future studies to elu-
cidate the nature and function of the more dynamic
interaction of cohesin with chromatin in interphase.
Experimental Procedures
Reagents, Cell Culture, and Biochemistry
Human SA1 [14] or Scc1 [18] cDNAs were cloned into pEGFP-C1
(Clontech) modified to contain an N-terminal Flag-tag [29]. NRK
cell clones stably expressing EGFP-SA1 or EGFP-Scc1 did not
show any perturbations in morphology or proliferation rate (data
not shown). pEGFP-PCNA plasmid [30] was obtained from M.C. Car-
doso. Antibodies against SA1, Smc1, Smc3, and Scc1, and protea-
some antibody, were as in [13, 14, 18, 31]. GFP antibody was
purchased from Roche (mixture of monoclonal antibodies 7.1 and
13.1). Preparation of cell extracts, immunoprecipitation, and su-
crose-density-gradient experiments was as described in [15].
For synchronization of cells in G1 or G2 (Figures 2, 4G, and 4H),
cells were incubated in 0.5 mg/ml aphidicolin (Sigma) for 15 hr and
subsequently released into normal growth medium for 3 hr (G2) or
10 hr (G1). The metaphase index peaked 6.5 hr after release from
the Aphidicolin block, and more than 80% of all cells completed
mitosis within 5.5–8 hr after release ([22] and data not shown). For
synchronization of cells in early S phase (Figure 3), cells were cul-
tured for 8 hr after mitotic shake-off. Replication was perturbed by
2 mM thymidine (Sigma), avoiding DNA damage induced by other
replication inhibiting reagents [24], or by 0.5 mg/ml aphidicolin
(Sigma). For experiments lasting longer than 1 hr, 1 mg/ml cyclohex-
imide (Calbiochem) was added to the medium to reduce new synthe-
sis of GFP-tagged cohesin.
Time-Lapse Microscopy and Photobleaching Experiments
Cells were grown in LabTek chambered cover glasses (Nunc). One
hour before imaging, medium was changed to prewarmed CO2-in-
dependent medium without phenol red (Invitrogen), and chambers
were sealed with silicon grease. Where indicated, DNA was stained
in live cells by 0.2 mg/ml Hoechst 33342. Visualization of chromatin
by Hoechst was preferred to mRFP-tagged core histones because
it minimized fluorescence cross-talk, crucial for quantitative imaging
of tagged cohesin subunits expressed at very low levels. Single con-
focal sections or three-dimensional stacks of live cells were cap-
tured automatically over time with an in-house-developed software
macro [32] on a customized Zeiss LSM510 confocal microscope
with a 633 or 403 oil immersion objective [33]. For photobleaching
experiments, selected regions were illuminated at 100–500-fold the
acquisition laser intensity. All FRAP experiments used eight itera-
tions of photobleaching at 100% transmission of 488 nm laser, either
on half of the nucleus (Figure 4G; G2, prophase, telophase) or half of
the cell (Figure 4G; metaphase). In iFRAP experiments (Figures 2 and
3), both cytoplasmic and nuclear regions were bleached, leaving
only a small nuclear region unbleached. Because soluble GFP-
cohesin present in unbleached areas before photobleaching dif-
fused into bleached regions during the repetitive photobleaching,
the mean fluorescence intensity was also reduced in unbleached nu-
clear regions. The first postbleach frame was acquired 60 s after
photobleaching to allow for complete equilibration of bleached
soluble GFP-cohesin across the nucleus (for diffusional mobility of
EGFP-SA1, see Figure S2A). Therefore, the drop in mean fluores-
cence intensity in unbleached regions at the first postbleach frame
was used to determine the fraction of chromatin bound cohesin
(Figure S2B).Image Processing and Quantitative Analysis
Relative amounts of EGFP-tagged cohesin subunits on chromatin,
nucleoplasm, and cytoplasm were quantitated in time-lapse record-
ings of single optical sections by using macros implemented in Heu-
risko 4.0 (Aeon) [29]. First, chromatin regions were automatically de-
tected in the Hoechst channel by anisotropic diffusion filtering and
thresholding [33]. Similarly, cytoplasmic regions were segmented
by filtering and thresholding in the EGFP channel, and by excluding
chromatin regions. Next, the mean EGFP fluorescence intensity was
calculated in the segmented regions. For comparison of different ex-
periments, data were normalized to reference values at specific time
points (for details, see figure legends).
Fluorescence recovery in photobleaching experiments was mea-
sured in user-defined cellular regions. In long-term iFRAP experi-
ments, nuclear movements were first corrected by registration
based on the Hoechst channel, with a modified TurboReg plugin
for ImageJ (http://bigwww.epfl.ch/thevenaz/turboreg/) [34]. FRAP
experiments were normalized to the initial fluorescence-intensity
distribution and to total fluorescence, thereby correcting for irregu-
lar distribution of the tagged molecules and for fluorescence decay
due to postbleach acquisition [35]. Bound fractions were deter-
mined at t = 50 s after photobleaching, where equilibration between
bleached and unbleached regions by diffusion was complete (see
Figure S2A). In iFRAP experiments, the recovery was quantitated
by the difference in mean intensity between bleached and un-
bleached regions, thereby correcting for rebinding of bleached mol-
ecules in bleached regions [20, 35]. The drop in mean intensity in un-
bleached nuclear regions at the first postbleach frame was used to
calculate the chromatin bound fraction of nuclear cohesin (see
above and Figure S2B). To determine residence times and stably
bound fractions (Figures 2C–2F, and residence times of cohesin in
aphidicolin- and thymidine-treated cells), we fitted single-exponen-
tial functions or a sum of two exponential functions (bi-exponential)
to the data with least-square optimization for koff1, koff2, and the
fraction of each in Berkeley Madonna (www.berkeleymadonna.
com) [20, 35]. The stably bound fraction in cells 8 hr after mitotic
shake-off (Figures 3A–3C) was determined by fitting the fraction of
a sum of two exponential functions with koff1 and koff2 as determined
in Figure 2F (G2, residence time 1 and 2 for SA1).
Significance of the difference in total bound fraction between G1
and G2, the stably bound fraction between early S phase and G2,
and the stably bound fraction between control and thymidine
treated cells 14 hr after mitotic shake-off was tested by Student’s t
test at an a-level of 0.05.
The significant difference of cells with stably bound EGFP-SA1
fraction 8 hr after mitotic shake-off in the presence or absence of
aphidicolin or thymidine was determined by a binomial test. All
errors indicated throughout the manuscript are SD.
Supplemental Data
Supplemental Data include two figures and are available with this
article online at: http://www.current-biology.com/cgi/content/full/
16/15/1571/DC1/.
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